The lack of diagnostic traits in sibling species means that great quantities of biogeographical and ecological data held in museum collections cannot be utilized effectively, leading to underestimates of biodiversity. In this study we applied neural networks (NN) and canonical variates analyses (CVA) to landmark measurements on the skulls of the West African species Taterillus arenarius , T. petteri , T. gracilis and T. pygargus in an attempt to discriminate species previously identified unambiguously from their karyotypes. Among suggested differences, the relationship between inflation of the tympanic bullae and lower population density is discussed. Cross-validated classification rates did not exceed 73%. Two hypotheses are proposed to explain such high phenotypic similarity: morphological plasticity limited by environmental constraints and the possibility that speciation has been too recent to allow significant morphological divergence.
INTRODUCTION
Sibling species are taxa that are reproductively isolated but exhibit few, if any, diagnostic morphological characters (Mayr, 1963; Wheeler & Meier, 2000) . Such cryptic species pose considerable problems for taxonomists, ecologists and conservation biologists because they lead to underestimates of biodiversity. The paucity or absence of diagnostic characters greatly limits the effective application of the great quantities of biogeographical and ecological data held in museum collections. For instance, much biogeographical information could be gathered from traditional discriminant analyses performed on collection specimens of Mastomys spp., Aethomys spp. and Thallomys spp. (Muridae, Murinae), thus throwing light on speciation patterns in these sibling species (see review in Taylor, 2000) .
Among mammals, many new sibling species of insectivores and rodents are still being discovered, especially in Africa (e.g. Meester, 1988; Taylor, 2000; Taylor & Contrafatto, 1996) . In West Africa, the genus Taterillus (Rodentia, Gerbillinae) consists of a species complex of four siblings: T. arenarius , T. gracilis , T. petteri and T. pygargus -which are indistinguishable using external morphology or traditional cranial morphometrics (Dobigny & Denys, in press) . Variation in colour is probably irrelevant, since it largely depends on the latitude or nature of the substrate ( T. gracilis : Petter et al ., 1972; T. congicus : Genest & Petter, 1973; T. petteri : Sicard, Tranier & Gautun, 1988) . These four species are, nevertheless, strongly differentiated by their chromosome numbers (diploid numbers, respectively, of 30/31, 36/37, 18/19, 22/23; Volobouev & Granjon, 1996) . However, if cryopreserved cells are not available, identification of species is not possible. Geographical origin is an unreliable guide because Taterillus species sometimes live sympatrically (e.g. T. gracilis and T. pygargus in Senegal: Petter et al ., 1972; Poulet, 1981; Hubert, 1982 ; Bâ, pers. comm.; T. gracilis and T. petteri in Burkina-Faso: Sicard et al ., 1988) .
In recent years, geometric morphometrics (Bookstein, 1991; Rohlf & Marcus, 1993; Marcus et al ., 1996) has proved to be a useful technique for solving a variety of biological problems; it is more powerful than traditional morphometrics and has the ability to visualize very subtle differences in shape (examples in Marcus et al ., 1996: part II) . From the geometric techniques now available (Rohlf & Marcus, 1993; Marcus et al ., 1996 ; part I), we selected Thin Plate Spline (Bookstein, 1991) to analyse the variation of skull shape of West African species of Taterillus .
Concomitant with these advances, the development of pattern recognition (Fukunaga, 1990) and neural networks (Ripley, 1996b) has led to new approaches in the discrimination and classification of species. This is particularly true for neural networks. Neural networks (NN) are more powerful than linear or quadratic discriminant techniques, providing better classification rates (Ripley, 1996a (Ripley, , 1998a and requiring fewer assumptions. The predictive value of NN is not calculated from a learning sample, as is the case with classical linear discriminations, but by using an independent test sample. The process usually involves applying various cross-validation strategies such as 2-or k-fold and leave-one-out. In contrast to classical discriminant functions or canonical variate analyses (CVA), they are fundamentally 'black boxes' because they do not provide information about the variates. We therefore utilized both cross-validated discriminant analyses and NN on the partial warps calculated for T. arenarius , T. gracilis , T. petteri and T. pygargus as a means of obtaining insights into the subtle morphological differences between these species.
MATERIAL AND METHODS
Our geometric analysis was based on measurements of skulls of specimens in the collections of the Muséum National d'Histoire Naturelle, all of which had been previously identified unambiguously from karyotypes.
Each skull was placed on its dorsal side, with the two molar rows aligned in the same horizontal plane. Landmarks were digitized using MTV (v.1.3, 1990) and a video camera connected to an AT-OFG board, with a resolution of 768 lines and 512 columns. We first selected 16 landmarks on the ventral face of the skull (Fig. 1 ) of 83 specimens (Table 1) . A repeatability study based on five individuals, each of which was digitized on five separate occasions, showed that points 4 and 10 were imprecise (data not shown). All analyses were therefore conducted on the other 14 landmarks.
The intraspecific influence of sex and age on skull shape was tested on the largest sample ( T. gracilis , N = 40). Homologous landmarks of these specimens were superimposed using a generalized least-squares algorithm, and Thin Plate Spline parameters were calculated (Sneath, 1967; Gower, 1975; Bookstein, 1991; Marcus et al ., 1996: part I; Baylac, 1996) . A MANOVA was carried out on the partial warps (uniform parameters included), taking into account sex, age (five age classes based on the upper molar cusp wear; see Dobigny & Denys, in press ) and the sex vs. age interaction. A relative warps analysis was also undertaken in order to observe the influence of these factors. We then assessed interspecific differences between the taxa, including or excluding T. arenarius (because of the very small sample size of N = 1). For this purpose, centroid size was calculated and interspecific differences tested by ANOVA . A CVA was then performed on the partial warps and the two uniform parameters, U1 and U2, with and without centroid size. Two-group discriminant functions were also calculated for a better delineation of variations in skull shape. In each case, the grid deformations were calculated through multivariate regression of the canonical scores on the Thin Plate Spline parameters.
In addition, NN analyses were performed on the partial warps (uniform parameters U1 and U2 included), with and without centroid size, on T. gracilis , T. petteri and T. pygargus .
Correct classification percentages were estimated directly for the whole dataset, and by cross-validation for both linear discriminations and NN. For the linear discrimination, we used the leave-one-out crossvalidation procedure implemented in the lda function (Venables & Ripley, 1997 ; cf. http://www.stats.ox.ac. uk/pub/MASS2) using the R package (v.1.3.0) (Ross & Gentleman, 1996 ; cf. http://www.cran.org). For NN, we used the MLP implementation of the nnet library (Venables & Ripley, 1997 , 1999a of R. We interactively set the values for the decay (lambda) value, the number of units in the hidden layer and for the type of activation function (linear or logistic), in order to maximize the cross-validated correct classification percentages in the test set. We used both leave-one-out cross-validations and 2-fold cross-validations with learning subsamples including 50, 60, 70 and 80% of the whole dataset, each with 200 replicates. Linear discriminations and NN cross-validations were successively performed with centroid size included and excluded. We also tested for the effect of the number of variates. Indeed, due to the relatively low sample sizes, the 24 variates could adversely affect the stability of the discriminations. Instead of the raw splines parameters, we used subsets of the first 20 principal components (which account for 99.9% and 98.9% of the total variance with and without centroid size, respectively) extracted from the covariance matrix of partial warps and uniform parameters. For all analyses, we selected the number of principal components retained in the calculations that maximized the cross-validated classification percentages.
Procrustean superimpositions, calculations of the centroid size, partial and relative warps, were performed with tpsRelw (version 1.20, Rohlf, 
RESULTS
MANOVA showed no significant differences between males and females of T. gracilis (Wilks' lambda, P = 0.848), whereas differences were significant when age classes were considered ( P = 0.019). These differences became non-significant when the youngest animals (age class c0) were removed ( P = 0.406). Interaction between sex and age class was not significant ( P = 0.101). The relative warps analysis on the 40 specimens of T. gracilis confirmed the absence of sexual dimorphism, both sexes showing a very large overlap (Fig. 2) . By contrast, the youngest individuals were well separated on the two first components (42.8% of the total variance; Fig. 2 ). The two sexes were therefore pooled and the youngest animals were removed, leaving 66 specimens used in the interspecific analyses ( T. arenarius , N = 1; T. gracilis , N = 27; T. petteri , N = 12; T. pygargus , N = 26). The percentage of individuals correctly classified by the CVA performed on the whole dataset (centroid size excluded) was 87.8%. The corresponding graph shows that T. arenarius is separated from the three other species along the 2nd axis (Fig. 3A) , on the basis of a reduced distance between landmarks 6 and 8, and the posterior position of landmark 3, i.e. posteriorly thinner tympanic bullae and a more posteriorly directed zygomatic plate (Fig. 3A) . The removal of T. arenarius , represented by a single specimen, led to similar results for the three other species (86.2% of correct classifications; left column of Table 2 ). In both cases, T. pygargus and T. petteri are almost completely discriminated, one T. petteri being attributed to T. gracilis, and five specimens (including one T. pygargus) attributed to T. petteri by the analysis (left column of Table 2 ). The associated deformation grids suggest that T. petteri has a larger posterior braincase and a more posterior position of landmarks 2, 3 and 12, i.e. lacrymo-nasal elongation (Fig. 3B ). T. gracilis shows an intermediate inflation of the tympanic bullae (Fig. 3B) .
These patterns are more clearly observed in twogroup analysis (Fig. 4) : first, the 'intermediate' shape of T. gracilis (the bullae are less inflated and the nasal compressed when compared to T. petteri, whereas the bullae are more inflated and the nasal more forwardprojecting when compared to T. pygargus; Fig. 4 , two upper plots); second, the extreme patterns of T. petteri (inflated bullae and naso-lacrymal extension) and T. pygargus (posteriorly less developed bullae and naso-lacrymal compression). Note that the differences include an allometric component, as the linear regression of the centroid size vs. the first canonical axis (R 2 = 0.25; Fig. 5 ) was highly significant (P < 0.0005). In addition, T. petteri and T. pygargus show a significant difference in centroid size (P < 0.001), although it is not sufficient to ensure a strict diagnosis (Fig. 5) . The inclusion of centroid size (Table 2) in the CVA provides a better discrimination, i.e. 90.8%, with T. pygargus and T. petteri completely discriminated from each other.
Nevertheless, leave-out cross-validations with and without centroid size led to less than 71% of correct classifications, mainly because of the poor classification of T. petteri (always less than 60%, whereas T. pygargus reached 85%) (data not shown).
The application of NN to the whole dataset always led to 100% correct classification, although the crossvalidated correct classification percentages never exceeded 72.3% and 71% with and without centroid size, respectively. These results were obtained using 2-4 units in the hidden layer, with logistic functions and decay indices between 0.01 and 0.001 Leave-out cross validations led to unstable classification percentages, which ranged between 30 and 80%, undoubtedly as a result of the low sample sizes. The low classifications rates were again due to T. petteri, with percentages always lower than 50%. All attempts to increase this specific percentage, by tuning the neural network parameters, decreased the classification rates for the other two species.
DISCUSSION
It is interesting to note that interspecific discrimination was higher with geometric morphometrics applied to the whole dataset than with traditional morphometrics. Percentages of correct classifications never exceeded 60% and 74% with (unpubl.) and without (Dobigny & Denys, in press) leave-out crossvalidation, respectively, although size and shape were also analysed using log shape ratios (Mosimann, 1970; Mosimann & James, 1979) . Unfortunately, even if sampling is almost the same (15 specimens were added for traditional morphometric studies; Dobigny & Denys, in press), and if the landmarks and the linear measurements chosen recover homologous mor-phoanatomical areas of the skull (Chimimba & Dippenaar, 1995) , they cannot be considered rigorously comparable. Nevertheless, this improvement of discrimination rate suggests that geometric morphometrics may provide an important tool for determining some ambiguously or hitherto unidentifiable specimens available in the museum collections, within the context of biogeographical or speciation studies (see examples in Taylor, 2000) . This is confirmed by the numerous studies of geometric morphometrics performed on small mammals (e.g. Loy, Corti & Marcus, 1993; Capanna et al., 1996; Rohlf, Loy & Corti, 1996; Corti, Aguilera & Capanna, 1998) . Nevertheless, as far as Taterillus is concerned, no complete discrimination could be obtained by either the linear discriminant functions or the NN. Taterillus pygargus and T. petteri show significant, albeit overlapping, differences in centroid size (Fig. 5 ). Therefore, the best level of discrimination is reached when centroid size is added to the CVA, T. pygargus and T. petteri being completely separated (Table 2 , left column). To date, T. pygargus and T. petteri are not known to live in sympatry. On the contrary, it has been demonstrated that T. gracilis lives in sympatry with both of these species (references herein). This means that the higher level of discrimination between T. pygargus and T. petteri is of less interest. Interspecific differences could be assumed from geometric morphometrics, but we think that they remain too slight to be used in a purely diagnostic manner. Indeed, the mis- classification percentage rate always reaches nearly 10% and increases to 20% when leave-out cross-validation is considered. Such a risk of diagnostic error is too high, especially for localities represented by very few individuals in museum collections. The utilization of NN is not optimal here due to low sample sizes; even if they do provide greater discrimination than linear analyses, the improvement will probably be insufficient for a complete and reliable discrimination. This is largely confirmed by the strong decrease in correct classifications with cross-validation.
As a consequence, NN, geometric and traditional morphometrics (Dobigny & Denys, in press) all confirmed that Taterillus represents a genuine and now well documented morphological complex of sibling species, for which skull morphology is inadequate for systematic purposes. This conclusion is largely supported by cytotaxonomic surveys of specimens from Abalak, Niger. While Robbins (1974) attributed the animals from this locality to T. arenarius on the basis of cranial traits, karyotyping clearly demonstrates that they do not belong to this taxon (Dobigny et al., in press ). Of course, other skeletal and histological parts could be measured, and further morphometric analyses of outlines carried out. However, at present, karyotypes (and perhaps electrophoresis of seral proteins; Hubert & Baron, 1973; Tranier, Hubert & Petter, 1973; Baron et al., 1974) provide the only nonambiguous diagnostic tool at the specific level. The probable existence of other cryptic species (Tranier, 1974; Volobouev & Granjon, 1996) reinforces the future role that cytotaxonomic methods must play in studies and inventories of Taterillus spp.
The slight interspecific differences observed here mainly concern the tympanic bulla area. While not sufficient for complete discrimination, they merit discussion. Only T. arenarius appears distinctly separated from the other species, mainly because of its inflated tympanic bullae. It has already been proposed for other gerbilline rodents that the lower the population densities, the larger the bullae, especially in more arid habitats (see Petter, 1961; Bridelance & Hemim, 1989; Bridelance, 1989) . The bullae are supposed to be involved in acoustic communication. An explanation for the larger bullae of T. arenarius could be its northern distribution (Musser & Carleton, 1993) , indicating that it lives in dryer areas and might therefore have low population densities (Granjon et al., 1997) . However, this result requires further investigation because T. arenarius was represented by a single specimen, which precludes any definite conclusion.
Nevertheless, the correlation between population density and inflation of the bullae also seems to be present when the other species are considered. In Senegal, where Taterillus spp. have been closely studied, T. gracilis displays lower levels of population density (5.1 ind./ha in average and up to 44 ind./ha; Hubert, 1982) than those observed in T. pygargus (57 ind./ha in average and up to 180 ind./ha; Poulet, 1981) ; T. gracilis also has more inflated bullae than T. pygargus, suggesting that the inflation could be related to the population density. However, this would also be independent of aridity because T. gracilis is distributed in more southern, i.e. moister, habitats than T. pygargus (Petter et al., 1972) . No data about densities in T. petteri are available. Further information about the life-style of this species would be of great assistance in confirming the relationship between inflation and population density. Analyses focusing on this part of the skull with tools specifically assessing outlines, such as Fourier analysis, would be valuable (McLellan & Endler, 1998; Monti, Baylac & Lalanne-Cassou, 2001 ).
Finally, the effects of chromosomal changes on both size and shape have already been investigated in other animal groups. For example, an inversion in chromosome II of Drosophila mediopunctata is related to a change in wing morphology (Bitner-Mathé, Peixoto & Klacczko, 1995) . In rodents, many studies have shown that chromosomal variations can be accompanied by morphological ones, sometimes in correlation with ecological parameters (e.g. Mus: Corti, Ciabatti & Capanna, 1990; Chatti et al., 1999; Saïd et al., 1999; Spalax: Corti et al., 1996; Arvicanthis: Fadda, 1998 ; South African Murinae and Gerbillinae: review in Taylor, 2000) . Thus, it is surprising to find so few morphological differences in Taterillus species, since they are highly differentiated in terms of their chromosomes (Viegas-Péquignot et al., 1986; Dobigny et al. in prep.) , as has also been observed between cytotypes of Otomys irroratus (Muridae, Otomyinae) (Taylor, 2000; Taylor, in litt.) .
At least two more probable and testable hypotheses can be proposed to explain the lack of complete cranial differences in both size and shape. First, this may have an adaptive origin and result from the very constraining environment these rodents live in, i.e. Sudano-Sahelian (Burkina-Faso, Côte d'Ivoire, Mali, Niger, Senegal) to Saharo-Sahelian (Mauritania) habitats. These constraints may limit the plasticity of skull morphology. The relative warps analysis of Arvicanthis spp. carried out by Fadda (1998) is the only similar study dealing with variations in skull shape in a West African complex of rodent sibling species. The comparison is particularly relevant because Arvicanthis and Taterillus are often found at the same localities, and sometimes in the same trap lines (Dobigny, unpubl.) , suggesting they are globally subjected to similar ecological conditions. Fadda (1998: 85-96) showed that, in addition to a longitudinal differentiation between western and eastern species, specific differences in West Africa could be found which were strongly correlated with environmental and geographical conditions, particularly latitudinal distribution (r = 0.88; Fadda, 1998: 56) . Fadda (1998: 56-61 ) also noted that intraspecific differences were related to biogeographical data. These results largely suggest that low levels of differences in skull shape may be found, even in Sudanian to Sahelo-Saharan habitats. However, they contradict the hypothesis that a reduction in skull plasticity is related to environmental constraints, and do not provide further explanation for the extreme morphological conservatism in Taterillus. Nevertheless, this could also be due to a different phylogenetic context (Arvicanthis are murine rodents), implying quite divergent ontogenetic processes, leading to different patterns in response to the same ecological constraints.
On the other hand, the greater morphometric variations observed in Arvicanthis spp. also suggest a hypothesis of more recent speciation events and a short independent evolution of each specific lineage of Taterillus. Accordingly, not enough time would have elapsed for morpho-anatomic differentiations to have arisen in this genus. West African lineages of Arvicanthis spp. are thought to have diverged from each other from around 5.5 Myr to 2 Myr BP (Ducroz, 1998) . Unfortunately, fossil records for Taterillus are lacking, so no date is available. As a consequence, molecular analysis remains the only way to estimate the time of divergence between Taterillus spp. in order to understand the reason for the morphological similarities observed in this genus and allow a choice between the two hypotheses.
